Segments cut from growing oat coleoptiles and pea stems were fed glucose-3
INTRODUCTION
A long-standing problem in plant cell biology is the site at which new material is incorporated into the primary wall during cell enlargement. This is important primarily because it is relevant to the issue whether wall synthesis plays a causative role in the process of cell wall expansion that brings about cell enlargement. In 1858, Nigeli (1) proposed that the primary cell wall grows by intussusception, the intercalation of new material within its structure. The contrary view that during cell enlargement new wall material is deposited only at the wall surface (apposition) was expounded in 1882 by Strasburger (2). Appositional deposition cannot directly cause surface expansion of the cell wall; so, if wall synthesis occurs entirely by apposition, some other mechanism is required to account for the occurrence of wall expansion and cell enlargement.
These alternatives have been argued in numerous, subsequent papers. Electron microscopic observations on the organization of the microfibrillar component of growing walls have been interpreted as generally favoring the hypothesis of apposition (3). Roelofsen (4) recently reviewed the problem and concluded that cellulose is probably added to the growing wall by apposition, whereas noncellulosic wall substances probably can be incorporated internally. However, direct evidence is still meager and conflicting. The classic paper is that of Noll (5) who demonstrated the occurrence of apposition with cell walls of the algae Derbesia and Caulerpa that had been previously impregnated with Prussian blue. By an ingenious study of the self-absorption of radiation by tritium-labeled, growing cell walls of Nitella, Green (6) concluded that new material was being added only by apposition. Setterfield and Bayley (7), using light microscope radioautography, concluded that incorporation of both cellulose and noncellulosic material was occurring throughout the thickness of the outer wall of oat coleoptile epidermal cells. Northcote and Pickett-Heaps (8) recently published electron microscope radioautographs of maize root-cap cells; their study indicated incorporation of radioactivity, in some cases, throughout the cell walls and beyond them to the exterior. This radioactivity may have represented principally extracellular mucilage rather than cell wall material. In none of the studies cited did the method afford quantitative information on the distribution of incorporation of new wall material with position through the cell wall.
The present experiments were undertaken to obtain such information for the thick, external walls of growing epidermal cells of oat coleoptiles and pea stems and to ascertain whether growth hormone (auxin) exerts on the pattern of incorporation any effect that might be of significance in relation to the mechanism of cell wall expansion.
METHODS

Plant Material
Oat seeds, Arena sativa var. Victory, were germinated on moist filter paper for 3 days at 25C. They received dim red light from a 40 w ruby red safelight for the first day and were kept in darkness thereafter. Under a similar red light, segments 8 mm long, beginning 3 mm from the tip, were cut from coleoptiles 2-2.5 cm tall, and the leaf was removed from each segment.
Pea seeds, Pisum sativum var. Alaska, were germinated for 7 days in vermiculite at 25 0 C in the dark with occasional exposure to dim red light. Under red light, 8-mm segments were cut from the third internode beginning about 2 mm below the apical hook.
Radioisotope Incubation
30 tissue segments were blotted dry and introduced into 1.2 ml of 0.05 M glucose containing 2.5 mc of glucose-1-3 H (Volk Radiochemicals Co., Skokie, Ill.
with or without 3 mg/l indoleacetic acid (IAA); the segments were contained in a Stender dish, 28 mm inside diameter, the ground rim and cover of which were sealed with silicone grease. Segments that were to be treated with IAA during incubation were pretreated for 10 min in 3 mg/liter IAA prior to introduction into the labeled medium in order that the growth effect of IAA would be initiated when the isotope feeding was begun. The incubation dishes were shaken on a reciprocal shaker at about 60 cycles/min, in the dark at 25 0 C. At the time of harvest, 2 or 8 hr after the beginning of incubation, segments were transferred to ice water containing crushed ice, washed several times with ice water, cut in half lengthwise, and transferred to ice-cold fixation fluid.
Fixation and Sectioning
Tissue specimens were fixed in ice-cold phosphatebuffered osmium tetroxide (9) for 16 hr, or in icecold phosphate-buffered formaldehyde (10) for 7 hr followed by ice-cold buffered osmium tetroxide for 11 hr. Pea stem segments also were fixed in similarly buffered ice-cold 5% glutaraldehyde for 16 hr followed by ice-cold buffered osmium tetroxide for 7 hr. Segments were washed briefly with ice water and transferred through a graded ethanol/ water series into absolute ethanol and subsequently through propylene oxide into moderately hard Epon (reference 11, 3:7 mixture), which was polymerized by heating for I day at 60C. Sections (silver) were cut on a Porter-Blum automatic microtome set at 800 A, with a diamond knife, and were picked up onto collodion-coated grids. The sections were cut approximately transverse to the long axis of the tissue segments about 1 mm from one end of the segment, or, in some cases, in the middle of the segment. They were stained by floating the grids on lead citrate (12) for 7 min, and then were rinsed off rapidly with distilled water.
Radioautography
In a high-vacuum evaporator, a thin, carbon film was evaporated over the sections. The grids were then attached to glass slides; a monolayer of Ilford L-4 Nuclear Research Emulsion, melted in twice its weight of distilled water, was applied at the gel point by the loop technique (13) . They were kept in light-tight containers in the presence of a desiccant, at room temperature, for 2-15 wk depending on the activity in the sections. For development, the grids were removed from the slides under a safelight and floated, emulsion side down, for 1 min on a drop of freshly prepared developer (37.8 g Na 2 SO 3 and 3.24 g Eastman Kodak Co. p-phenylenediamine, dissolved in 300 ml distilled water, then filtered) (13) in a black porcelain spot plate at room temperature. Then they were washed briefly in water and floated for 1.5 min in Kodak F-24 fixer (Eastman Kodak Co., Rochester, N. Y.), and were rinsed rapidly in a stream of distilled water. Care was taken to avoid contact by the developer or fixer with the back sides of the grids, since such had 660 TIE JOURNAL OF CELL BIOLOGY VOLUME 35, 1967 been found to be detrimental to the quality of the preparations.
Extraction of Cell Wall Components
Osmium tetroxide-fixed tissue segments which had been stored in absolute ethanol were washed briefly with water, then treated in the following ways to extract various wall substances differentially, as shown by previous analyses (14, 15) . To remove galacturonans segments were treated with 5 ml of 0.5% Na-EDTA, pH 11.5; after 20 min, the solution was brought to pH 4.5 with glacial acetic acid, and 0.5 ml of a 2% solution of pectinase (Nutritional Biochemicals Corporation, Cleveland, 0.) was added; 2 hr later the segments were washed with water and returned to absolute ethanol. To remove hemicelluloses segments were kept in 0.05 N H 2 SO4 for 2 hr in a boiling water bath and then washed with water. To extract all wall components except cellulose segments were extracted successively with pectinase and hot 0.05 N H 2 SO4 as just described, then treated with 4 N KOH at room temperature for 6 hr, and washed with water Aliquots of extracts, and of the a-cellulose residue after dissolution in 72% H 2 SO1, were counted by scintillation with a Beckman CPM-100 at 47% efficiency. Extracts were then hydrolyzed for 6 hr at 100°C with I N H 2 SO4, were separated into neutral and acidic fractions with Dowex-l (acetate form), and chromatographed on paper to separate sugar or uronic acid components, as previously described (14, 15) . Each component was eluted from the paper with water and counted.
The extracted segments were embedded, sectioned, and stained as described above, except that the sections of preparations from which all components but cellulose had been extracted were stained for 20 min with lead citrate. Even so, the a-cellulose preparations had extremely low contrast and their details (except for the silver grains) were invisible on the microscope screen. Photographs brought out a faint, granular deposit which outlined the cell wall structure and which was readily distinguishable from the completely opaque silver grains (example shown in Fig. 16 ).
Analysis of Data
Radioautographs were examined and photographed at about X 8000 with a Siemens Elmiskop II or at about X 3500 with an RCA EMU-3, part or all of the outer wall of one epidermal cell being recorded in each picture; enlargements were printed at a final magnification of about 20,000. On the prints the positions of the silver grains over or adjacent to the external wall of epidermal cells (outer epidermis in the case of oat coleoptiles) were determined by recording the distance of the grain from the inner surface of the wall and the entire thickness of the wall at the point at which the grain in question was located. All grains were recorded that occurred in a position between one-quarter of the wall thickness beyond its outer edge and one-half the wall thickness inside the cell from the wall's inner boundary, along all of the outer wall that was visible, except for the triangular, thickened areas between adjacent cells, or along a part of the wall until a total of 50 grain positions was recorded for the cell. Grains were recorded from at least five different cells from each specimen; more than five cells were analyzed if the frequency of grains was less than 50 per cell, a total of at least 250 grains being recorded for each specimen (300 grains from at least six cells in the case of the pea stem sections). The position and wall thickness measurements for each grain were later divided to give its distance from the inner surface of the wall as a fraction of the wall thickness, and these fractional distances were tabulated into classes of one-twentieth of the wall thickness. The per cent of the total grains found in each position class was then computed for the specimen, and these percentages were averaged for the replicate specimens in each treatment series to find the average grain distribution for the treatment.
RESULTS
Radioautographs illustrating incorporation of radioactivity into the thick outer wall of the epidermis of oat coleoptiles and pea stems after incubation in glucose-3H are shown in Figs. 1-8. These clearly demonstrate that incorporation occurs throughout the thickness of the wall right to its outer surface. However, a preference for incorporation at the inner surface of the wall is evident.
The amount of activity associated with the cell wall after an 8 hr incubation was much greater than after a 2 hr incubation. Useful radioautographs of the 8-hr specimens were obtained after exposure of the emulsion for about 3 wk as in Figs. 4 and 12, whereas the radioautographs of the specimens from the 2 hr incubation shown in Figs. 1 and 2 had been exposed for 11 wk and that of the specimen shown in Fig. 3 had been exposed for 15 wk. Incorporation is thus clearly progressive with time. As illustrated in Fig. 4 , no incorporation occurred in the walls of the occasional, dead epidermal cells that are encountered when a tissue segment is sectioned near one end, even though such dead cells lay adjacent to living cells which had engaged in vigorous incorporation (the dead cells are those that were cut during excision of the tissue segment). These observations, and those on radiocomposition described below, indicate that the observed incorporation is not artifactual and is due to cell wall synthesis. The occurrence of internal incorporation was especially obvious in the heavily thickened corners between adjacent cells of the outer (Figs. 2, 3 ) and the inner (Fig. 5) epidermis of the oat coleoptile. The central part of these triangular, thickened areas is continuous structurally with the middle lamella that separates adjacent cells within the tissue. Fig. 3 demonstrates a greater incorporation of activity into this central zone than in the cell wall zone intervening between it and the wall surface and indicates the deposition of intercellular substance remote from the protoplast surface, as has been inferred by some authors (3, 4, 16).
Both internal incorporation and surface deposition evidently occurred in the relatively thin external wall of the coleoptile's inner epidermis (Fig. 5) . Because of the extreme thinness of the walls of parenchyma cells it was not possible, in most places in the interior of the tissue, to distinguish whether the observed activity had been incorporated at the surface or in the interior of the wall. However, the distribution of silver grains over occasional thicker areas at cell junctions, as illustrated in Figs. 9-11, indicated that internal incorporation was occurring into parenchyma cell walls and intercellular substance of both coleoptiles and pea stems. However, as in the case of the epidermis, grains appeared to occur most frequently at or near the inner surface of the parenchyma cell walls, i.e., next to the protoplast. Table I shows the distribution of H that was found in components of the cell wall when osmium tetroxide-fixed coleoptile segments were extracted successively with pectinase, hot dilute mineral acid, and 4 N KOH. The proportion of the total activity found in different fractions and in the sugar and uronic acid components of each fraction was very similar to that previously observed with washed cell walls from unfixed coleoptile segments that had been incubated in glucose-14 C (17). Pectinase removed most of the galacturonic acid, as well as some neutral polysaccharide, from the osmium tetroxide-fixed tissue, in much the same way as from unfixed cell wall material (15) . Hot dilute acid removed the bulk of the hemicelluloses, mainly glucuronoarabinoxylan and noncellulosic glucan. As expected after extraction with 4 N KOH, the residue (a-cellulose) yielded principally glucose upon hydrolysis.
Incorporation Patterns of Cell Wall Components
Figs. 12-16 show examples of radioautographs of the outer epidermal wall of a control specimen and of specimens that had been extracted with these solvents separately or in combination. Fig.  17 shows the mean distribution of silver grains with position over the outer epidermal wall in each of these treatments.
Most of the radioactivity that had been incorporated into the interior of the cell wall was removed by extraction with hot dilute acid, but not by pectinase. This shows that internal incorporation is due to introduction of hemicelluloses. Internal incorporation of galacturonan seems probable but cannot be proved from these data, since galacturonic acid comprises such a small proportion of the cell wall. That a substantial proportion of the incorporated activity could be protein is ruled out by the low protein content of cell wall material (26) , by the fact that bulk protoplasmic protein becomes labeled only weakly in this type of isotope experiment (reference 16, and radioautographic evidence discussed below), and
Figs. 6-8 are radioautographs incubated hr in glucose-I3H.
of external wall of epidermis front pea stem segments FIGUJE 7 Incubation mlediunl contai ned 3 pg/ml IAA. Glutaraldehyde-OsO4 fixation X 9,400. 
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In radioautographs of the a-cellulose residue, most of the silver grains were found near the inner surface of the wall. This shows that the cellulose component of this growing wall is deposited largely or entirely by apposition.
The incorporation pattern. for noncellulosic substances, principally hemicelluloses, was obtained ( Fig. 17 e) by subtracting from the whole wall profile (Fig. 17 d) the a-cellulose profile (Fig. 17 b) multiplied by 0.29, the fraction of total incorporation found in a-cellulose. (This assumes that the per cent of total activity incorporated into a-cellulose is the same in the outer epidermal wall as in the tissue as a whole.) Fig. 17 e indicates that hemicelluloses are being incorporated relatively evenly through the cell wall, although deposition of a surface layer accompanying the cellulose is also definitely suggested.
Effect of Growth Hormone
This was investigated by analyzing, as explained in Methods, the distribution of grains over the external wall of the epidermis of a series of oat coleoptile and pea stem segments incubated for 2 hr in glucose-3H with or without IAA.
The mean grain distributions obtained for 10 coleoptile segments with and without IAA are shown in Fig. 18 , and statistical data for this experiment are given in Table II . The data indicate a significantly different pattern of incorporation in the two treatments, relatively more incorporation into the interior of the cell wall occurring in the presence of IAA.
Analysis of the radioautographs showed considerable variation in grain density both from cell to cell in a given specimen and, more strikingly, from specimen to specimen. The latter variation was correlated with the position of secioning; sections cut from near the center of a tissue segment had much less radioactivity than those cut from near the end of a tissue segment, as would be expected from earlier observations (19, 21) . However, the distribution of grains with position through the thickness of the cell wall was similar for the two kinds of sections, within a given incubation treatment; therefore the data from both kinds of sections have been pooled to obtain the mean distributions in Fig. 18 and Table  II . Each average is based on seven specimens sectioned near the end and three other specimens sectioned near the center.
The results of a similar auxin experiment with pea stem segments are shown in Fig. 19 . Fewer specimens were sectioned and analyzed in this case, but the results agree at least qualitatively with those from oat coleoptiles, more internal incorporation being indicated in the epidermal walls of auxin-treated tissue.
DISCUSSION
These observations confirm the report of Setterfield and Bayley (7) that internal incorporation into oat coleoptile epidermal walls occurs. Under the incubation conditions employed in the present experiments, the incorporation of radioactivity into the cell wall reflects closely its normal chemi cal composition, so that the radioactivity detected in the cell wall must be due to synthesis of its major components. Contrary to Setterfield and Bayley's (7) conclusion, the present data show that a substantial fraction of the newly made wall material, including all or virtually all of the new cellulose, is deposited appositionally at the wall surface. The radioautographs also indicate the occurrence of both apposition and internal incorporation in the cell walls of parenchyma tissue. other UA, other aldobiouronic acids and galacturonic acid oligomers; Glc; glucose; Gal, galactose; Man, mannose; Ara, arabinose; Xyl, xylose; Gal U, galacturonic acid. Activity of components is given as per cent of the total activity that was recovered from chromatograms of each hydrolysate, including unidentified activity at the origin and elsewhere.
Although silver grains occurred over the cytoplasm, they were much less abundant there than over the cell wall and were not evidently associated with any particular cytoplasmic organelles. Because the experiments involved a relatively long incubation period in substrate of low specific activity, it was to be expected that the amount of radioactivity that might be found at cytoplasmic sites of wall polysaccharide synthesis or transport would be negligible compared to that which had been incorporated into the cell wall (see reference 8). Actually silver grains occurred on the cell cavity side of labeled epidermal walls just as noticeably when cytoplasm was absent owing to shrinkage or poor fixation (Fig. 8) , as when wellpreserved cytoplasm was present there. This finding and the following considerations of radioautographic resolution indicate that the silver grains found on the cell lumen near the epidermal wall are almost entirely due to radioactivity located at the wall surface.
Previous data (18, 19) show that under the conditions used in the present experiments the amount of cell wall material in coleoptile segments can increase by not more than 5 % in 2 hr. Thus an appositionally deposited layer of new wall material can comprise not more than 5% of the wall thickness after 2 hr. That this statement holds specifically for the coleoptile epidermal wall is indicated by the radioautographs after an 8 hr incubation, in which the apposed wall layer comprises not more than about 15 %/ of the wall thickness (Fig. 17) . Therefore, in the radioautographs from the 2 hr incubations, the apposed wall layer can be regarded as a thin, linear source of radiation located in the position class between 0 and 5% of the wall thickness.
From theoretical information given by Caro (reference 20, Fig. 4 ) for the present type of radioautography, I computed, by a numerical integration method, the grain distribution to be expected on either side of a thin line source. This result is plotted as the dotted line in Fig 18, the horizontal (distance) scale being chosen so as to conform with the experimentally found mean epidermal wall thickness of 1.5 . Clearly the grain distribution actually observed on the cytoplasmic side of the wall surface corresponds well with what is to be expected for 3 H radiation emanating from the wall surface. The grain profile immediately inside the wall from its inner surface seems to reflect this expected distribution also. In view of this correspondence, we can regard the grain distribution observed on the cytoplasmic side of the wall surface as providing an internal measure of radioautographic resolution, by means of which we can at least approximately correct the grain profile found in the interior of the cell wall for the occurrence of grains that are due to the concentration of radioactivity at the inner surface. For a labeled surface layer restricted to the 0-0.05 position class, this correction takes the form f' = f -f_ where f'x is the frequency of grains (in the position class whose lower boundary is x) that are not due to radiation from the surface 668 THE JOURNAL OF CELL BIOLOGY · VOLUME 35, 1967 Figs. 12-16 Radioautographs of outer epidermal walls from oat coleoptiles incubated 8 hr in glucose-3H plus IAA, fixed with Os04, then extracted with solvents to remove cell wall components differentially. Radioautographic exposure 3.5 wk, except for Fig. 16 which shows 9.5 wk exposure. FIGURE 12 Unextracted control. X 9,900. FIGURES 13 and 14 Extracted with pectinase. Note indication of removal of material from triangular thickened zone between cells in Fig. 14 (arrow) . X 9,900. FIGURE 15 Extracted with hot 0.05 N 11 2 SO 4 to remove hemicelluloses. X 9,900. FIGURE 16 Extracted successively with pectinase, hot 0.05 N IT 2 S() 4 , and 4 N KOIT, to remove all wall components except cellulose. A faint granular deposit outlining the cellulose residue (W) and made visible by photographic enhancement of contrast (see Methods) is to be distinguished from the silver grains (arrow) which are located mostly near the inner surface of the cell wall. T, triangular thickened zone between adjacent epidermal cells. X 9,900. 
FRACTION OF WALL THICKNESS FROM INNER SURFACE
layer, and f, and f_ are the observed grain frequencies in position class x and in the position class -x symmetrically opposite x on the other (cytoplasmic) side of the surface layer. In principle a correction should also be made for radiation arising from each position class within the wall but, since the density of radioactivity is relatively low and relatively uniform throughout the wall, except at its inner surface, such a correction would be of minor importance compared to that for radiation from the surface and will not be made here. According to this interpretation, the proportion fto of the total radioactivity that is located in the surface layer is given by f'o = fo + 2 f where the last term is the sum of grain frequencies over all negative values of x, i.e. on the cytoplasmic side of the cell wall.
In Table III The actual magnitude of the auxin effect on internal incorporation depends upon whether the hormone altered the incorporation pattern without affecting total synthesis or, instead, increased internal incorporation without affecting apposition. In the former case the internal incorporation values in Table III CE of the auxin effect, whereas in the latter case the effect should be measured by expressing internal incorporation as a fraction of the incorporation at the wall surface, which would be a larger effect than that indicated by the values in Table II . It was not possible to distinguish between these alternatives, not only because of the uncertainties in determining absolute radioactivity by radioautography, but also because of the previously mentioned large variation in grain frequency (thus of incorporation) from cell to cell and specimen to specimen (see Results). The true magnitude of the auxin effect on internal incorporation is likely to lie somewhere between the two mentioned alternatives as extremes. The evidence that internal incorporation is due to noncellulosic wall components, particularly hemicelluloses, indicates that the auxin effect on internal incorporation is exerted on the incorporation of hemicelluloses. The existence of such an effect, similar in magnitude to the effect of auxin on growth rate, would suggest that internal incorporation of hemicelluloses may serve to induce stress relaxation and hence expansion of the cell wall. But the contingency must also be entertained that cell wall expansion, induced in some other way by auxin, facilitates internal incorporation and leads to the observed effect. However, the proportion of new material that is being incorporated internally in the presence of auxin is large enough that it is hard to imagine that it would not contribute in some degree to the expansion growth of the cell wall.
The principles of radioautographic resolution applied above affect with equal importance the interpretation of data in Fig. 17 . A quantitative correction of grain distribution for grains due to the highly radioactive apposed wall layer cannot are on cytoplasmic side of wall be made here because the apposed layer is thick enough that it cannot be regarded as a thin linear source. But the descending distribution of grains extending to about one-quarter of the wall thickness in Fig. 17 a and b , which is mirrored by a similar distribution outside the cell wall next to the apposed layer, must be due largely, if not entirely, to radiation coming from the apposed layer and does not indicate internal incorporation of cellulose. This strengthens the conclusion given above that deposition of cellulose in this cell wall is essentially entirely by apposition. The more limited resolution of the radioautographic technique employed by Setterfield and Bayley (7) and the more lengthy isotope incubation period in their cellulose experiment (thus a much thicker apposed layer) seem to explain why those authors did not detect clearly the apposition BIBLIOGRAPHY of cellulose and concluded that cellulose was being deposited throughout the cell wall.
In conclusion, it is of interest to note the comparison between the problem of cell wall formation in plants and the problem of collagen and chondroitin sulfate formation in animal tissues, concerning which a dispute has also existed about the occurrence of deposition at, as opposed to remote from, the cell surface. Recent electron microscope radioautography has demonstrated that both kinds of deposition of collagen take place (22) (23) (24) (25) .
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